Surface mount chip resistors are amongst the simplest and most inexpensive of all components used in electronic circuits and systems. Typically, resistor failure modes include open circuits, resistive shorts or variations in resistance indicating parametric drift or intermittent failure, which in some applications result in overall system failure. Corrosion is currently believed to be the number one failure mechanism for chip resistors deployed in developing markets such as Central and Latin America, Asia, India and Pacific regions where aggressive corrosive conditions are prevalent. The objective of this study is to develop a test to identify or screen out corrosion-susceptible parts. Ten precision chip resistors types representative of resistors in contemporary printed circuit board assemblies are subjected to a well-defined multi-stress screen which comprises thermal cycling and mixed flowing gas exposure. The combination of thermal cycling and corrosive gas exposure is shown to provide an acceptable acceleration test to identify corrosion-susceptible parts by replicating field failures. Currently, no other test method exists which is capable of replicating field failures.
Introduction

Reliability of electronic devices
System reliability is one of the most important issues in the telecommunications market. The growing markets of China and South East Asia have produced a fundamental shift in the reliability of electronic devices [1] [2] [3] [4] [5] . These markets have aggressive environmental conditions with higher rates of corrosion and equipment failure when compared to either North America Region or European counterparts [6, 7] . Corrosion of electronic equipment in emerging markets is primarily due to sulfurcontaining gases present at elevated levels compared with mature markets [1-3, 6, 7] .
Surface mount thick chip resistors are amongst the simplest and most inexpensive of all components used in packaging [8] [9] [10] . However, resistor failures in some systems are often responsible for complete functional breakdown [11] [12] [13] [14] [15] [16] . Typically, resistor failure modes include open circuits, resistive shorts or variations in resistance indicating intermittent failure [17] . In telecommunications it is expected that products will survive 25 year life in office conditions or 20 year life in outdoor applications, in comparison to the consumer electronic market these are extremely long periods of time as consumer electronics tend to fail as a result of thermal shock rather than thermal fatigue [18] .
It is essential, therefore that resistors deployed in the field for long periods of time demonstrate excellent reliability.
Existing environmental stress tests, such as, damp heat steady state (56 days at 40°C and 93% RH) [19] , endurance (+125°C/1000 hr) [20] , rapid change of temperature (-55°C/+125°C 5 cycles) [21] and Battelle mixed flowing gas (MFG) [22] are unable to differentiate between resistors with good and poor corrosion resistance [12, 14] . Experience shows that resistors tend to pass these tests therefore they are not reliable methods for differentiating between resistors which are corrosion resistant and those which are susceptible to corrosion i.e resistors tend to pass these tests but fail in the field. The aim of this study is to develop a test procedure for qualifying resistors to susceptibility to sulfur corrosion and therefore identify resistors which are likely to perform well or badly in 3 corrosive environments. The methodology will also give information to designers in order to making informed cost effective decisions regarding system reliability as designers will be able to distinguish between resistors which are susceptible to sulfur corrosion and those which are not.
To accomplish this objective, resistor types which are known to be 'good' and 'bad' from field information will be investigated. This only provides two reference points, therefore it is necessary to expand this number with eight additional resistor types -where each type is supplied by a different manufacturer. In addition, due to the high demand for surface mount thick chip resistor components, numerous different resistors are commercially available, as a consequence a variety of designs with different quality are available. To test the corrosion resistance of different types of chip resistors, a combination of thermal cycling and high accelerated MFG conditions is used to drive corrosion. The level of corrosion for each resistor was qualified using visual and scanning electron imaging. The level of corrosion, after a set period of time was correlated against various aspects such as glass overlap and thickness of the silver layers of each resistor design.
Corrosion of resistors
Silver is the best electrical conductor of all metals and is hence used in many electrical applications, however, it is susceptible to corrode in aggressive environments. It is well known that Ag can rapidly corrode in the presence of contaminated atmospheres, particularly those containing chlorides and sulphides [23] [24] [25] [26] [27] [28] [29] [30] . When an Ag surface is exposed to sulphide ions, it is believed that the following reactions occur simultaneously, and silver sulphide (Ag 2 S) is formed:
The further growth of Ag 2 S into needle-shaped crystals (monoclinic Ag 2 S) is believed to be due to the following reactions:
These reactions occur repeatedly, and the needle-shaped crystals of Ag 2 S grow. The sketch depicted in Figure 1b shows the development of such needle-shaped crystals as result of corrosion of Ag conductor in a chip resistor. Total corrosion of the conductive Ag material leads to catastrophic failure of the resistor.
The basic elements of the surface mount resistor are: a ceramic substrate; wraparound terminations; a resistor element between the terminations, a conductive layer and a glass overcoat layer over the resistor element. Figure 1 (a) shows a schematic cross section view of the main elements of a chip resistor [9, 11] . The wraparound terminations generally comprise two layers: a solder layer on the outside (Sn); and a protective barrier (Ni) between the solder layer and ceramic substrate (Al 2 O 3 ).
The wraparound termination acts as a low resistance interconnect between printed circuit board (PCB) -Ag conductor layer and the resistor element. Numerous different resistors are commercially available, and these feature a range of dimensions and slight changes in layer compositions.
Simply exposing the resistors to aggressive environments does not cause relevant corrosion or failures in a realistic time frame [12, 14] . Currently-used environmental stress tests, such as MFG, are firstly more suitable for North America region and Europe but unsuitable to give life data for electronic components deployed in Central and Latin America, Asia and Pacific region or parts of the Middle East where pollutant levels are considerably higher [1-3, 6, 7] . Secondly, these tests were not designed to screen out marginal electronic parts susceptible to corrosion-related failures [30] . The Battelle MFG classes system was originally designed to equate equivalent field service time in North
American and Europe regions to chamber exposure time [30 -32] .
Sample preparation
Ten different types of commercially available 100 Ω (power rating 0603) precision thick chip resistors were used for this study (type A to type J, each from a different manufacturer). Resistors were mounted on a four layer FR-4 board shown in Figure 2 . One resistor of each type was mounted on four separate boards; therefore each board has 10 resistors, one of each type.
A Weiss WT-180/40/5 thermal cycling chamber was used to perform temperature cycling test. The temperature cycling was performed in a temperature range between -20°C and +125°C. The ramp rate was about 2°C/min and the dwell time at both extreme temperatures was approximately 5 min each. The resistors were cycled 250 times and resistance was measure before and after exposure to ensure the resistors were not compromised during the thermal cycling.
The corrosion test was performed over a 60 day period under the MFG conditions shown in Table 1 .
The high concentration of H 2 S used is suitable to give data for electronic components deployed in growing markets of China and South East Asia. The temperature chosen was indicative of dual heating that occurs, coupled to the low thermal conductivity of FR-4 boards which can lead to high temperatures upwards of 60°C, depending on power input. Boards were routinely removed every 5 days and the resistors were visually and electrically examined for any changes. If a change in resistance of greater than 1kΩ was observed, the resistor was deemed to have failed and was removed from the board, and the board was returned to the exposure chamber. The exposure chamber was maintained at a temperature of 60°C. A dry compressor with in-situ filters provides the system with purified dry air. The main dry air gas flow passes through the humidifier on its way to the test chamber. Before entering the exposure chamber the humidified air was mixed with dry corrosive gases flowing into the chamber (H 2 S, NO 2 , SO 2 and Cl 2 ) which were supplied from permeation tubes. By calculating a mixing ratio between the dry air and wet gas flow, the humidifier allowed control of the relative humidity, which was continuously monitored and maintained at 35%
RH.
Analytical techniques
Samples were examined visually using a Leica Zoom 2000 stereozoom microscope. Subsequent metallographic preparation involved mounting, an initial wet grind and coarse polish on progressively finer grades of silicon carbide paper using water as a lubricant. The samples were then fine polished with 3 and 1 µm diamond suspension and finally polished with an oxide polishing suspension (etch) on a soft cloth. After metallographic preparation, the microstructures were examined under a ZEISS Axioskop optical microscope (OM). A JEOL JSM-840 Scanning Electron
Microscope (SEM) equipped with a Princeton Gamma-Tech (PGT) energy analysis dispersive x-ray (EDS) system was used to obtain high magnification electron images and to conduct chemical analysis respectively.
Results and Discussion
As-received resistors layer. The aim of the overlap is to provide a hermetic seal protecting the Ag layer from corrosive attack.
In order to compare the different resistor types, set parameters were measured from 10 resistors of each type. In order to determine the root-cause-failure and subsequent development of the corrosion products, the resistors were cross sectioned and analysed using SEM and EDS. Figure 5 The electrical resistance of the surface mount thick chip resistors is dominated by the resistive element, which is set using a laser notch [11] , whilst the Ag conductor layer contributes a negligible amount to the overall resistance of the resistor. As the Ag layer corrodes the cross-sectional area will decrease, increasing the total resistance of the resistor.
The following data were used in the calculations of the data presented in figure 7 . An initial silver depth, d, of 10 µm and a final depth of 0.015 µm was used, with a width, w, of 450 µm and a length of 1 mm, and finally a resistivity value for silver of 1.59 x 10 -8 . Using equation 4, the resistance of the package was calculated, this calculation also includes the resistor initial resistance of 100 Ω R = ρ L/ wd (4) where r is the resistance, ρ is the resistivity, L is the length, w is the width and d is the depth.
The graph depicted in Figure 7 shows a plot of the total resistance of a 100 Ω surface mount thick chip resistor as the Ag conductor layer is reduced from a nominal 10 µm to a reduced thickness value of 0.015 µm. This calculation assumes that the Ag conductor layer corrodes evenly. Since the corrosion rate is a constant, the thickness of the film is proportional to its lifetime, thus with only 3.4% of its life remaining the resistance will only have changed by 0.1% [23, 24] .
This indicates that the electrical measurement of corrosion is inferior to that of visual inspection.
Additionally, Figure 8 The formation of Ag 2 S on the surface of the resistor and traces of S in the Ag layer would indicate that both Ag and S both migrated along the interface. Ag 2 S films have been recognised as the major corrosion products on Ag [19] [20] [21] [22] . On dry surfaces similar to the present conditions where there is less than one monolayer of water (<40%RH) on the surface, dissociative absorption of corrosive gases onto the metal lattice is likely, occurring preferentially at any surface defect. Where normal bonding of the Ag structure is unstable, Ag 2 S corrosion products nucleate at the unstable sites.
The main failure point was observed at the interface between the surface finish and the overcoat, which is consistent with the literature and field data [12] [13] [14] [15] [16] . The locus of failure would indicate that the Ni/Sn layer overlap of the glass layer did not perform as a barrier/hermitic seal for the protection of the Ag layer. The overlap is clearly crucial to the overall corrosion reliability of the resistor [12] [13] [14] [15] [16] . The resistor types that exhibited failures demonstrated the poorest overlap as shown in Table II . This is also coupled with the fact that the Ag conductor layer for each of the failed resistors showed a wide variation in Ag layer thickness. For example, the minimum Ag layer thickness was approximately 3 µm for resistor type J, significantly reducing the time need to corrode Ag layer in comparison to resistor type A which had a minimum thickness of 8 µm.
To correlate overlap and corrosion of the different resistors, the area of Ag 2 S corrosion on the resistor surface was measured from secondary electron images of the resistors after failure or 60 days exposure. The graph depicted in Figure 9 shows the average overlap for each resistor type plotted against the Ag 2 S corrosion observed on the different resistor surfaces. A strong correlation was observed between the measured corrosion and the overlap between the Ni/Sn layers and glass layer.
A large overlap clearly leads to a reduction in the corrosion of the device. Thermal cycling performed on the resistors prior to exposure aids in weakening any poor bonding of the overlap or reduced overlap.
Stressing the interface between the Ni/Sn layers and glass layer exposes any weakness that may allow easy transport of corrosive gases and moisture to the Ag layer. To understand the stress and strain responses in the interface where corrosion is normally observed, thermal cycling conditions were simulated. A two-dimensional ABAQUS (V6.7-1) finite element model of the resistor was built to observe the effect of thermal cycling on the stress distribution. The model was designed to predict the effect on the stress distribution of increasing the temperature of the resistor to +120°C from -25°C. Note that the model did not represent a resistor mounted to a circuit board. In an assembly, the differential expansion of the board and the component largely results in thermomechanical stresses within the solder interconnects. Modelling showed this not to influence the local stresses at the Ni/Sn interfaces, it was sufficient to only represent the resistor. Half of the component was modelled by taking advantage of symmetry with 21,238 stress displacement elements (type CPS4R). The high number of elements was required to accurately capture small geometric features within the component. The material data used was assumed to be linear elastic with no attempt made to account 11 for plasticity effects or the effect of changing temperature on the material response. The material data used in the model is summarised in Table III. Initial observations show that Von Mises stresses predicted vary in magnitude from ~30MPa to ~330MPa. The model indicates that high compressive stresses exist within the Ag layer that is in contact with the Ni layer. These high stresses are also observed where the corner of the ceramic substrate contacts the Ni layer. These stresses arise due to the higher thermal expansion coefficients of the Ni and Sn material compared with the ceramic substrate. In the corrosion experiments undertaken, however, no failures were observed in this region. The higher stresses were observed in the interface between the glass layer and the Sn layer, where corrosion product build-up was consistently observed.
In Figure 10 maximum principal stress magnitudes to a value of 110MPa can be observed acting in a direction that is tangential to the surface of the glass layer. These stresses would therefore cause the glass layer to pull away from the Ag layer underneath and begin the failure process. While the maximum principal stresses in the Sn layer are significantly lower, they act in a direction perpendicular to the Ag layer. The minimum principal stresses predicted ( Figure 11 ) range in value from -200MPa up to 0MPa. In both the Sn and Ni layers, these stresses act in a direction perpendicular to the surface of the glass layer thereby pushing into the glass layer with the change in temperature up to 125°C and then contracting away during the cooling down stage. It is likely that these high stresses have lead to a breakdown in the interface between the glass and the Sn/Ni layers leading to the ingress of the corrosive gasses to the Ag layer.
Conclusion
The proposed test method includes 250 temperature cycles (-20 ºC to 125 ºC, 2 ºC /min ramp rate) and subsequently a 60-day corrosive gas exposure. The overall test time should take about 2064 hrs (86 days). Typically, other methods do not use thermal cycling prior to mixed flowing gas exposure so much longer (>200 days) test times are required. The reason for the shorter time span can be attributed to thermal cycling induced stresses at the interface between the Ni/Sn layers and glass layer, exposing weakness that allow transport of corrosive gases and moisture to the Ag layer.
However, the ultimate cause of corrosion on surface mount resistors can be attributed to poor overlapping of the Sn/Ni layer over the glass layer, which allowed Ag and S to diffuse along the interface. Tables   Table I. Mixed flowing gas conditions. 
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